In this work, Ni-Co oxides coatings were produced using electrochemical techniques (chronopotentiometry and/or linear voltammetry) and solutions containing Ni 2+ and Co 2+ ions in the molar ratio 1: 2, sodium citrate as the ligand, and different pH values (7.5 and 10.5). Energy dispersive spectrometry (EDS), scanning electron microscopy (SEM), Raman spectroscopy (LRS) and electrochemical impedance spectroscopy (EIS) were used to characterize these coatings. The results showed that both pH values favored the production of Ni-Co oxide phases, independent of the electrochemical technique used. The EDS analysis indicated that it was possible to produce of oxides coating presenting different Ni:Co ratios using electrodeposition process. However, the morphology, the microstructure and the electrocatalytic ability of the coatings depended on both the pH and on the electrochemical technique used to produce them. The coatings produced using pH 10.5 were suitable to be used as electrocatalysts for the oxygen evolution reaction (OER).
Introduction
Electrochemical deposition techniques allow the production of functional metallic, ceramics or composites coatings of excellent quality. By using these techniques, it is possible to produce very thin and homogeneous films with specific chemical and morphological properties. It is also possible to control the deposited materials process efficiently, depending on the adjustment of experimental parameters such as pH, solution composition, temperature, applied potential, polarization time and electrode substrate. Moreover, there is a great availability of the equipments used to obtain these coatings [1] [2] [3] . Thin nanostructured oxide layers produced by electrodeposition have been used as appropriate materials for different electrochemical processes, ranging from anticorrosive to electrocatalytic properties [4] [5] [6] [7] [8] [9] . Among the electrocatalytic coatings, there is a great interest in those useful to enhance the O 2 and H 2 evolution reactions (respectively, oxygen evolution reaction -OER, and hydrogen evolution reaction -HER), which are important in several technological processes, such as water electrolysis, fuel cells, batteries and sensors 1, [10] [11] [12] [13] [14] [15] [16] [17] . HER and OER are directly related to the demand for sustainable clean energy and concerns about climate change and global warming.
The OER is involved in many conversion processes and energy storage 14 . Although noble metals, such as Pt, Au, Ag, Ru and Ir, are generally used as electrodes for OER, they have high cost and low stability in alkaline medium [10] [11] [12] . Therefore, there is a growing demand to replace these metals by alternative catalysts with low cost and similar performance 15, 16, 18 . Transition metal oxides, such as Ni, Co, V, Fe, as well as Sn oxides, present electrocatalytic properties, which make them attractive alternatives electrodes for several reactions, including OER 16 . Among them, the Co 3 O 4 is an interesting material to be used for this purpose 11, 12 . The insertion of the Ni in the Co 3 O 4 structure forms the mixed oxide NiCo 2 O 4 , nickel cobaltite. It causes changes in the thermal behavior, geometric structure and electronic properties, when compared to the original material (Co 3 O 4 ), resulting in an increase in the electrocatalytic activity of this material for OER 13 . The NiCo 2 O 4 is not aggressive to the environment and may have different nanostructures. This mixed oxide presents stability, activity and low cost, being active in the oxygen evolution and reduction reactions, in alkaline medium 18, 19 and also in the electro-oxidation of amines and alcohols 16 . Even though the production of films in neutral media is encouraged 1 , generally, Ni-Co mixed oxides are electrodeposited using alkaline solutions and studies using others pH ranges are scarcely reported 1, 5, [20] [21] [22] . Therefore, this paper proposes the production of nanostructured Ni-Co oxide coatings on steel substrate from neutral and alkaline citrate-based medium, using chronopotenciometric methods. The coatings were characterized morphological and structurally to identify the Ni-Co oxide phase formation, while the electrocatalytic evaluation of these coatings for OER was performed in alkaline medium.
Experimental Procedures

Ni-Co oxide production
The Ni-Co oxides films were produced on AISI 1020 carbon steel substrate using chronopotentiometry, as shown in Table 1 . The conditions applied in each experiment were based on previously published results 20, 21, 23 . ) or concentrated sulfuric acid to produce the electrolytes denominated Solution 1 (pH 7.5) and Solution 2 (pH 10.5).
All the experiments used a three-electrode cell, where the steel substrate was the working electrode (exposed area = 2.54 cm 2 ), a platinum spiral was the counter electrode and saturated mercurous sulfate (ESS) was the reference electrode. The steel electrodes were previously polished with sandpaper (grain size 100-600 mesh) and then degreased with sodium lauril sulfate solution. The counter electrode was immersed in 20 %v/v HNO 3 solution for 1 min to remove any oxide layer that could be present. Both electrodes were cleaned with water and alcohol, and finally dried before immersion in the electrolytic solutions.
Characterization of coatings
X-rays diffractograms (XRD) of the coatings were obtained using a diffractometer (RIGAKU D/MAX -2200/PC) with a copper source at 40 kV. The 2θ ranged from 10° to 120° at a scanning rate of 0.050° s -1 . The diffractogram lines of the deposited Ni-Co oxides were fitted by a Gaussian equation to obtain their 2θ values, which were used to calculate the d (h k l) parameters of the diffraction lines. The same fitting was used to determinate the full width at half maximum (FWHM) and the height of the most representative line. As the FWHM of the X-ray diffraction line is related to the apparent size of the particle 24 , this parameter was used to evaluate the size of the crystallites, using Scherrer Equation (1): where d p is the crystallite size, k is a constant related to the type of the crystal structure, λ is the wavelength of the incident radiation (nm), and β is the FWHM.
The morphological analysis was performed using a scanning electron microscope JEOL JSM-6510LV. The analysis was carried out at high vacuum and using secondary electron mode, at a voltage of 20 kV. The images were acquired at different magnifications.
The quantitative analysis of the chemical composition of the produced samples was performed using energy dispersive spectrometry (EDS) system coupled to a TM3000, with magnification of 100x, in three different regions.
Raman spectroscopy (LRS) analyses were obtained using an instrument LabRam HR800 UV (Horiba/Jobin Yvon), with a He-Ne laser (λ = 632.84 nm), CCD detector cooled at -70°C and a confocal microscope Olympus BX41. The analysis were performed in 2 or 3 areas of the electrode, at room temperature. The spectra were obtained in the range of 400-1800 cm -1 without a filter, and lens with a magnification of 10x, 50x and 100x.
The performance of the coatings as an electrocatalyst for the OER process was evaluated in KOH 1 mol L -1 using anodic polarization curves and electrochemical impedance spectroscopy (EIS). The electrolytic cell used in these experiments was composed by the oxide film/substrate system as the working electrode, a platinum spiral as the counter electrode and the Hg/HgO as the working electrode. The same RDE system (AUTOLAB RDE-2), coupled to the potentiostat/galvanostat PGSTAT 302N, was used in these experiments, with a stirring speed of 100 rpm.
First, the ability of the coatings as a catalyst in the studied medium was verified using anodic polarization curves. These curves were achieved after the stabilization of the system in the open circuit potential for 600 s, varying from the open circuit potential (OCP) to 2.0 V Hg/HgO , with a scan speed of 1 mV s -1 . The results of the polarization curves were used to select the potential to be applied for the EIS analysis. Therefore, these experiments were performed in an anodic potential, 
Results and Discussion
As shown in Table 1 , all the experiments were performed with a previous reduction of the metallic ions (Co (II) and Ni (II)) because previous studies 25 , indicated that the direct oxidation of species on the electrode surface was not possible, under the conditions used in the present experiments. All the electrochemical experiments were conducted in order to find the appropriate conditions for the electrodeposition of Ni-Co (1: 2 ratio) mixed oxide. The coatings produced using Solutions 1 and 2 (pH 7.5 and 10.5, respectively) were adherent to the substrate, independent of the conditions used. These coatings were stable, homogeneous, presenting bright (pH 7.5) or opaque (pH 10.5) gray color. Table 2 presents the chemical composition of the coatings produced under the conditions presented in Table 1 , using Solutions 1 (pH 7.5) and 2 (pH 10.5).
Chemical composition of the coatings
The chemical characterization results show that the coatings producing using Solution 1 (Coatings 1, 2 and 3, for those produced under the conditions of Experiments 1, 2 and 3, respectively) presented approximately 1:4 Ni:Co ratio, independent of the experiment conditions uses. On the other hand, there is an increase in the Ni content of the coatings produced using Solution 2, mainly those deposited under the conditions of Experiments 2 and 3 (corresponding to Coatings 2' and 3'of Table 1 ), where Ni:Co ratios 1:1.5 and 1:1 were obtained, respectively. The anodic electrodeposition of mixed Ni-Co oxide is considered more effective under the conditions where low valence metallic ions, Co (II) and Ni (II), are stable in solution, while the high valence metallic ions, Co (III), Co (IV), Ni (III) and Ni (IV), are in the form of insoluble oxides, which is enhanced at more alkaline pH values 1 . Therefore, the present results show that it may not be able to produce stoichiometric or near stoichiometric Ni-Co oxide using Solution 1 (pH 7.5).
There is not a concensus in literature concerning the relationship between the stoichiometry of the NiCo 2 O 4 spinel and its properties as a catalyst for the oxygen evolution reaction. Although it is considered that the stoichiometric spinel structure presents the best electrocatalytic performance 26, 27 , Hu, Lee and Wen 28 showed that non-stoichiometric structures containing mixture of different metallic ions could also act as catalyst materials, because the non-stoichiometric structures may enhance the access for the electron transfer process and the H + /OH -exchange. Therefore, whatever their stoichiometry, these oxides attract interest because of its electrochemical properties, complex chemical compositions and synergistic effects arising from these interactions 29 .
Microstructural characterization of the coatings
The diffractograms of the coatings produced on steel substrate using the experiments described in Table 1 are presented in Figure 1 . It is known that electrolytically obtained materials usually consist of small size crystallite, non-uniform in composition, which present a considerable distortion of the crystal lattice. This distortion is originated during the formation of the non-equilibrium phases at the cathode (or anode), which occurs at high overpotential values. It causes several problems when these materials are analyzed using traditional X-ray examination because, in some cases, non-cataloged crystalline phases can be obtained 30, 31 . In addition, the phases present in the deposited material can be only partially revealed 32 . Table 3 presents the values of d (h k l) for all possible phases present on the coatings produced from these experiments. The diffraction peaks are relatively intense indicating the formation of reasonably crystalline phases.
In the majority of the diffractograms shown in Figure 1 , the most intense diffraction peak can be associated with the Fe substrate (110) at 2θ ≈ 44.6 o (PDF#06-0696) and to the crystalline structure of the mixed oxide NiCo 2 O 4 (400), also at ≈ 44.6 o (PDF#20-0781), in cubic structure. It means that the NiCo 2 O 4 peak at this 2θ value could not be appropriately noted in these diffractograms. The correspondents d values for both Fe substrate (110) and NiCo 2 O 4 (400) are shown in Table 3 , for comparison. Moreover, it is possible to note that the diffractograms presented in Figure 1 depend on both the solution and the experiment used to prepare the oxide film.
As suggested by the diffractograms, the coatings produced using Solution 1, at pH 7.5 ( Figure 1A) it is possible to observe that the highest diffraction peak of the film produced under the condition of Experiment 2 (Coating 2) is shifted to 2θ = 75.06 o , which can be related to metallic Ni, Co or Ni-Co alloy species [36] [37] [38] , as shown in Table 3 . Moreover, the diffraction peak at ~ 44.40 o can also be related to a Ni-Co alloy phase [36] [37] [38] . These results suggest that the production of metallic coating using the conditions of Experiment 2 cannot be discarded.
Although the same diffraction peaks were observed for the coatings produced using, Solution 2 (pH = 10.5), as shown in Figure 1B, , which are near of the 2θ values obtained in the present work.
It is interesting to note the presence of NiCo 2 O 4 and/or CoOOH phases in the coatings produced using only cathodic chronopotentiometry (Experiment 1 of Table 1 ), independent of the solution pH used. This result can be related to the metallic oxide and hydroxides that were produced on the electrode surface during metal deposition process, due to the interface alkalization caused by the water and O 2 reduction reactions 41, 42 . Table 2 , in which the Co content in these coatings was about four times higher than the Ni content.
Even though, the diffractograms obtained for the coatings produced using all the experiments conditions presented in Table 1 , independent of the solution pH used, indicated the formation of the mixed Ni-Co oxide (1:2). The average particle diameter (d p ), calculated from Equation (1) using the peak at 2θ ≈ 76.00 was 15 nm and 17 nm, for the coatings produced using Solutions 1 and 2, respectively. These results show that nanometric grains were obtained under the deposition conditions used in this work.
The formation of NiCo 2 O 4 phase in the electrodeposited films was confirmed using Raman spectroscopy (LRS), as shown in Figure 2 . This technique allows the detection of different phases of the material by the vibration modes of the molecules 43 . The results obtained from the deposited films were compared with the bulk oxide 1Ni:2Co spectrum. The bands at 465, 551 and 655 cm -1 are strongly associated with NiCo 2 O 4 44, 45 . In addition, a band close at 185 cm -1 was observed in spectra for the nickel cobalt-containing mass oxide. The bands 185, 465, 551 and 655 cm -1 are related to the vibrational modes F 2g , E g , F 2g and A 1g , respectively [46] [47] [48] . Independent of the solution used, the deposited coatings present bands in the region between 465 and 655 cm -1 , which are also present in the bulk mixed oxide sample. However, both the solution pH and the experimental condition (Table 1) used, affected directly the intensity of these bands. Figure 2A presents the results concerning the coatings producing from Solution 1 (pH 7.5). As the intensity and width of the LRS bands are set from the thickness, defects and intrinsic characteristics of the vibration mode of the coatings 5, 43, 44 , the Raman results for coatings produced under these conditions may indicate the formation of thin films. Compared to the bulk mixed oxide sample, the coatings produced under the conditions of Experiments 1 (Cathodic chronopotenciometry) and 3 (Cathodic chronopotenciometry + Anodic chronopotenciometry II) presented only a large and low intensity band with a maximum at approximately 551 cm -1 . Although these results suggest that thin coatings were produced under these conditions, the Raman experiments confirm the XRD analysis that the films presented the NiCo 2 O 4 phase.
On the other hand, the Raman spectrum of the coatings obtained using Solution 1, under the conditions of Experiment 2 (Cathodic chronopotenciometry + Anodic chronopotenciometry I), does not present bands and the LRS spectrum is a straight line with intensity close to zero. When this result is compared to those obtained in XRD analysis, it is possible to suggest that a metallic coating was obtained, instead of an oxide layer. As the production of high valence metallic Ni-Co oxides using neutral medium is achieved only at more positive potential values 1 , it is probable that the current density used in the anodization process of Experiment 2 was not enough to reach the potential needed to produce an oxide layer on the coating surface. Therefore, this coating has been discarded and was not evaluated morphologically and electrochemically.
The LRS spectra of the coatings obtained using Solution 2 (pH 10.5) is presented in Figure 2B . All the bands are intense, suggesting that thicker coatings were produced under these conditions. Bands strongly associated to the presence of the NiCo 2 . Therefore, Ni-Co mixed oxide may have been formed in these coatings when produced using Solution 2.
Morphological characterization of the coatings
Ion transfer and conductivity are dependent on the surface structures and the morphology of the films. Therefore, Figure 3 shows the SEM morphological characterization of the coatings produced under the experimental conditions presented in Table 1 , using Solution 1 (pH 7.5: Figures 3A  and 3D , for Experiments 1 and 3, respectively) and Solution 2 (pH 10.5: Figures 3B, 3C and 3E, for Experiments 1, 2 and 3, respectively). It is possible to note that, even though the XRD and LRS results indicated the presence of nickel cobaltite, the different conditions used to produce the coatings resulted in different morphologies. Both coatings produced using Solutions 1 ( Figure 3A ) and 2 ( Figure 3B ), under the conditions of Experiment 1 (Cathodic chronopotenciometry), presented small, coarse and irregular grains, probably related to the cathodic deposition of the alloys form a bath without surfactant agents 49, 50 . Moreover, hydroxide ions are also produced in the reduction of Co (II) and Ni (II) ions due to the dissociation of their complexes with ligands containing β-hydroxyl groups, like citrate 51 .
Therefore, intermediate components, like NiOH
+ or CoOH + can adsorb on the growing active sites of the surface during the deposition process, decreasing the grain growth 49, 52 and contributing to their irregular appearance. Cracks and small pores can also be observed in both coatings.
The coatings submitted to Experiments 2 and 3 (Cathodic chronopotenciometry + Anodic chronopotenciometry I and Cathodic chronopotenciometry + Anodic chronopotenciometry II, respectively) presented different morphologies depending on the solution and current density used. In these experiments, the initial cathodic deposition step produced Co-Ni alloy coatings, likely containing the intermediate components earlier mentioned. This coating can be anodized in the anodic step, producing high valence metallic Ni-Co oxides, depending on the solution pH and the current density used As shown earlier, it was not possible to produce Ni-Co oxides under the conditions of Experiment 2, using Solution 1 (pH = 7.5). However, Figure 3C shows that the surface morphology of the Ni-Co oxide coating produced under the conditions of Experiment 2 (anodic current density = 17.96 A m -2 ), using Solution 2 (Coating 2'), was similar to that observed in Figure 3B (Coating 1') , although presenting smaller grains and several cracks.
When the anodic current density of 47.15 A m -2 was applied (Experiment 3), the coating produced using Solution 1 (Coating 3) showed a porous needle like structure on its surface ( Figure 3D ). This structure can be related to the presence of CoOOH on the surface of the film 33 , confirming the XRD result shown in Figure 1A . On the other hand, the grain size of the coating produced using Solution 2 (Coating 3', presented in Figure 3E ) seems to be smaller than those earlier mentioned in this work. Moreover, there are cracks on its surface. Under this layer, however, it is possible to observe the same needle-shaped grains verified in Figure 3D , as can be seen in the magnification of this figure ( Figure 3F ). Although this coating presents Ni:Co ratio = 1:1 (Table 2 ), its XRD also shows the presence of the CoOOH phase.
Electrocatalytical evaluation of the coatings
The produced Ni-Co oxide coatings were evaluated for the oxygen evolution reaction (OER) in alkaline medium. The anodic polarization curves for the coatings produced using Solutions 1 and 2, in KOH 1 mol L -1 , are presented in Figures 4A and 4B , respectively. The aim of this experiment was to verify whether the presence of the Ni-Co oxide layer enhanced the OER process by decreasing its potential in the studied medium.
It is possible to verify that all the coatings produced using Solution 1 ( Figure 4A ) presented very low anodic current variation. This result indicates that these coatings do not show high catalytic activity for OER when produced using a solution at pH 7. Although the XRD results indicated the presence of Ni-Co oxides and/or CoOOH in the coatings produced under the condition of Experiments 1 and 3, the Raman spectroscopy suggested that Coatings 1 and 3 were very thin. Therefore, it is possible that, in the present work, the amount of high valence oxides produced using Solution 1 were not enough to enhance the oxygen evolution process.
The presence of alkaline medium promotes the formation of the metallic hydroxides, which decreases the potential for the oxidation of Ni (II) and Co (II) species to high valence oxides 1 . Thus, those coatings produced using Solution 2 ( Figure 4B ) presented a significant increase in the anodic current at around 0.4 V Hg/HgO (~0.5 V SHE ), due to OER. It means that, independent of the experimental process used, all the coatings produced using Solution 2 show electrocatalytic activity for the studied reaction. However, when the curves are compared at the chosen potential, it is possible to note that those produced under the conditions of Experiments 2 and 3 (Coatings 2' and 3', respectively) presented higher anodic current variation than that obtained using the conditions of Experiment 1 (Coating 1') . As the anodic step presented in Experiments 2 and 3 enhanced the formation of coatings containing Ni-Co oxides and/or CoOOH, this result suggests that Coatings 2' and 3' may have favored the OER process.
Based on the results of the polarization experiments, only the coatings produced using Solution 2 were evaluated by EIS. This analysis was performed at 0.4 V Hg/HgO , which was chosen from the polarization curves presented in Figure  4B . Figure 5 shows the Nyquist diagrams for the coatings produced using Solution 2, as well as the EIS data simulation Figure 5 . Nyquist diagram of the coatings produced using Solution 2 under the conditions described in Table 1 using the equivalent electric circuits shown in Figure 6 . The values of the simulated parameters are presented in Table 4 . In Figure 5 , both coatings produced under the conditions of Experiment 1 (Cathodic chronopotenciometry) and Experiment 3 (Cathodic chronopotenciometry + Anodic chronopotenciometry II) show capacitive loops at high frequency values, which can be related to the double layer processes in the studied solution. The equivalent circuit of Figure 6A was used to simulate the results of Experiments 1 and 3. The diameter of the capacitive loop is related with the R ct value of the coating/substrate system in the studied medium 53, 54 . Therefore, both Figure 5 and Table 4 affirm that the R ct value of Coating 3' is smaller than that verified for Coating 1'. The present result corroborates those found in the polarization curves ( Figure 4B ) that Coating 3' presented a higher electrocatalytic activity for the OER than Coating 1'. Both R ct values are similar to those found for electrodeposited Ni-Co oxide coatings in alkaline medium 55 . In addition, its high C DL value suggests that this coating may be studied as a capacitor. On the other hand, only a small shoulder can be noted at the higher frequency range, when the Nyquist diagram of the coating produced under the condition of Experiment 2 (Cathodic chronopotenciometry + Anodic chronopotenciometry I). At low frequencies, a straight line is seen, which can be related to the Warburg resistance, as can be noted in the equivalent circuit presented in Figure 6B . This type of Nyquist profile is generally associated with a high performance capacitor 56 and to porous electrodes 21 . In Table 4 , Coating 2' shows a smaller double layer capacitance (C DL ) than the other studied coatings and a high R ct value for the OER process. In the present work, the presence of a Warburg resistance may indicate that the diffusion of ions into the electrode covered by Coating 2' is a limiting process for the OER.
Conclusions
Ni:Co oxide coatings, with different stoichiometric relationships, were prepared by electrochemical techniques from citrate-based electrolytes at pH 7.5 and 10.5 (Solutions 1 and 2, respectively). Both the solution and the experimental procedures used to prepare the coatings affected directly their characteristics and properties. The use of DRX in association with Raman spectroscopy permitted to discriminate the phases related with Ni x Co 2-x O 4 and Co 3 O 4 , deposited on the surface of AISI 1020 carbon steel substrate, and discard the metallic ones. The morphology of the coatings presented small size irregular grains and several holes and cracks.
Although Ni-Co oxides were produced using both solutions, the coatings produced using Solution 1 did not show electrocatalytic activity. On the other hand, the OER process was favored by the coatings produced using Solution 2 mainly that obtained under the conditions of Experiment 3, in which an anodic oxidation step using high current density value was included.
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